Abstract: Perception of particular sensory stimuli from the surroundings can influence emotion in individuals. In an uncomfortable situation, humans protect themselves from some aversive stimulus by acutely evoking a stress response. Animal model studies have contributed to an understanding of neuronal mechanisms underlying the stress response in humans. To study a possible anti-stressful effect of lemon odor, an excitation of neurons secreting corticotropin-releasing hormone (CRH) as a primary factor of the hypothalamic-pituitary-adrenal axis (HPA) was analyzed in animal model experiments, in which rats are restrained in the presence or absence of the odor. The effect was evaluated by measuring expression of c-Fos (an excited neuron marker) in the hypothalamic paraventricular nucleus (PVN), a key structure of the HPA in the brain. We prepared 3 animal groups: Groups S, L and I. Groups S and L were restrained for 30 minutes while being blown by air and being exposed to the lemon odor, respectively. Group I was intact without any treatment. Two hours later of the onset of experiments, brains of all groups were sampled and processed for microscopic examination. Brain sections were processed for c-Fos immunostaining and/or in situ hybridization for CRH. In Group S but not in Group I, c-Fos expression was found in the PVN. A combined in situ hybridization-immunohistochemical dual labeling revealed that CRH mRNA-expressing neurons express c-Fos. In computer-assisted automatic counting, the incidence of c-Fos-expressing neurons in the entire PVN was statistically lower in Group L than in Group S. Detailed analysis of PVN subregions demonstrated that c-Fosexpressing neurons are fewer in Group L than in Group S in the dorsal part of the medial parvocellular subregion. These results may suggest that lemon odor attenuates the restraint stress-induced neuronal activation including CRH neurons, presumably mimicking an aspect of stress responses in humans.
INTRODUCTION
Every organism including humans perceives all the time a mixture of various sensory stimuli from the surroundings throughout life. In humans, this sensory perception in some cases gives him/her happiness, freedom or comfortableness but in reverse cases rather makes them feel anxiety, fear or restraint. Thus, physical, chemical and social factors (substances and/or situations) in the environment can influence driving and regulation of emotion in individuals. In an uncomfortable situation, humans protect themselves from some aversive stimulus by activating the homeostatic brain system (neuroendocrine and autonomic nervous systems) that increases rapidly metabolic and awaking levels. This acutely evoked biological phenomenon is called a stress response. To date, animal model studies have provided new insight into a fundamental understanding of neuronal mechanisms to drive the stress response in humans.
A key brain structure involved in the stress response is in the hypothalamus, specifically a population of neurons synthesizing corticotropin-releasing hormone (CRH) in the paraventricular nucleus (PVN) of humans [1, 2] and rats [3] . Immediately after exposure to stressful stimuli, CRH is secreted into blood to promote pituitary ACTH secretion [4] , resulting in an elevation of plasma glucocorticoid level. This central neuronal-endocrine path is named the hypothalamic-pituitary-adrenocortical axis (HPA). In the PVN of rats, the CRH neurons are located in the following three subregions: the dorsal (mpd) and ventral (mpv) parts of the medial parvocellular, and dorsal parvocellular subregions (dv). The CRH neurons in the mpd are an HPA component [5] , whereas the remaining CRH neurons contribute to autonomic functions [6] . When excited with stimuli, a group of neurons express c-Fos protein, an immediate early gene (c-fos) product, in cellular nuclei [7] , which triggers expression of other genes [8] . In animals stressed experimentally, some PVN neurons express c-Fos [9, 10] , with the expression peaking at poststimulation two hours. It has been welldocumented that the number of c-Fos-expressing PVN neurons correlates well with the magnitude of elevation in plasma level of ACTH or corticosterone, a major glucocorticoid of rats [11, 12] . Thus, c-Fos expression has been used as a measurable indicator for the PVN neuronal excitation evoked by stressors [11, 12] in the animal study of stress response.
Interestingly, previous studies have shown that a particular kind of odors can modify stress responses [13, 14] . If the brain mechanism by which odors affect the stress response can be understood in the animal model, then we might find a hint to make our everyday life much more comfortable by manipulating artificially odors around us. Among odors, citrus odor has, to date, been suggested to suppress stress responses in animal studies: an antidepressant effect [15, 16] and a sleep-shortening effect [17] . However, almost nothing is known about a biological effect of this odor on the HPA in stress response. The aim of the present study is to examine an effect of the odor of lemon, a familiar citrus, on the activation of the PVN CRH neurons as the primary stress response through morphometric evaluation of c-Fos expression in an animal stress model by restraint.
MATERIALS AND METHODS

Animals
All experiments were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. This study was conducted with the approval of Animal Experiment Committee of the University of Tsukuba and subjected to the regulations of the university requirement regarding the care and use of laboratory animals for experimental procedures. All efforts were made to minimize the number of animals used and their suffering. Adult male Sprague-Dawley strain rats were purchased (Nippon Clea, Tokyo, Japan) and maintained under a 12-hour light/dark cycle (light-on at 08:00-20:00) at a regulated temperature (23°C) with food and water ad libitum. These animals were acclimated for 1 week after arrival. One day before experiment, they were housed individually in cages, and all experiments below described were performed between 08:00 and 12:00.
Restraint stress paradigm and lemon odor
inhalation Before experiments, the rats were divided into the three groups: stress (Group S) and lemon plus stress (Group L). Rats of Group I were housed continuously in home cages without restraint stress and lemon odor till sacrifice. For restraint stress, rats of Groups S and L were individually introduced into a transparent plastic tube (5 cm in inner diameter×20 cm in length), and then were transferred into an animal chamber (32×21×16 cm) of the odor exposure apparatus, which had been filled up with air with or without lemon odor. Group S was exposed to only air at the flow rate of 4 litter/minute, while Group L was given air containing the lemon odor at the same flow rate. For both groups, air was introduced continuously till the end of experiment via a charcoal filter from an air bomb equipped with an airflow meter. The lemon odor was discharged from a fixed volume of crushed whole lemons put on the odorant container, which was set up at an upstream of the animal chamber. Eventually, all rats were subjected to a 30-minute restraint stress in the presence or absence of the lemon odor. In a preliminary test, in which the odorant intensity in the animal chamber was monitored for two minutes at intervals of five minutes using e-nose mobile (Hutaba Electoronics, Japan), we confirmed that only slight reduction in the intensity occurred during the inhalation.
Tissue preparation
Rats from Groups S (n=6), L (n=6) and I (n=3) were sacrificed for immnunohistochemical detection of c-Fos. For both Groups S and L, two hours after the onset of restraint stress the rats were transcardially perfused with saline followed by a mixture of 4% paraformaldehyde, 0.2% picric acid and 0.1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) under sodium pentobarbital anesthesia (ip, 50 mg/100 g body weight). For Group I, the rats were fixed in the same manner immediately after picking up from their home cages. Hypothalamic regions were post-fixed with the fixative without glutaraldehyde at 4°C overnight, dehydrated, embedded in paraffin, and cut into 5-µm-thick coronal sections. For in situ hybridization, other rats (n=2) of Group S were anesthetized, and perfused with saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer. Hypothalamic blocks were immersed in 30% sucrose in phosphate buffered saline (PBS), embedded in Optimal Cutting Temperature compound (Sakura Finetek, Tokyo, Japan), and cut into 10 µm-thick coronal cryostat sections.
c-Fos immunostaining and in situ hybridization
For c-Fos immunostaining, PVN sections were microwave-irradiated and incubated in an anti-c-Fos antiserum (1:10,000, Ab5, Calbiochem #PC38) (15 hours, 4°C), followed by biotinylated secondary antibody (Vector, Berlingame, USA) and avidin-biotin-peroxidase complex (Vector). Finally, positive immunoreaction was visualized with diaminobenzidine tetrahydrochloride (DAB) solution containing ammonium nickel sulfate hexahydrate and 0.003% hydrogen peroxide. Sections adjacent to the immunostained sections were chemically stained with Nissl method to determine PVN subregions for morphometric analysis. Bright-field digital images of the PVN were captured and recorded as tif files. For in situ hybridization of CRH mRNA, cryostat sections were treated with digoxigenin (DIG)-labeled cRNA probes. Prepara-tion of DIG-labeled antisense and sense cRNA probes and hybridization procedures were described in a previous study [18] . In brief, after pretreatments with paraformaldehyde, proteinase K (1 mg/ml), 0.2 N HCl and triethanolamine/acetic anhydride, the sections were incubated in a solution (2 × sodium chloride/sodium citrate (SSC)/50% formamide) (50°C, 1 hour) and then in the solution containing antisense or sense cRNA probe (5 ng/ml) (50°C, 18 hours). The sections were washed with posthybridization solutions, treated with blocking reagent, and incubated in an alkaline phosphataseconjugated anti-DIG antibody (1:500, Roche Diagnostics). After coloring of CRH hybrids, the sections were further processed for c-Fos immunostaining which is finally visualized with DAB.
Morphometric analysis of c-Fos expression
The magnitude of c-Fos expression was assessed by counting c-Fos-positive cellular nuclei in the entire PVN and further separately in four subregions: mpd, mpv, dp, and the posterior magnocellular subdivision (pm) in sections through the PVN (coordinates: 1.8 mm posterior to bregma) of the Group S or L. Using a software Photoshop ® , boundaries of the PVN and between the subregions were determined as follows: the margins of PVN and subregions were outlined in digital microscopic images of Nisslstained sections adjacent to c-Fos-stained sections, and then the outlines were superimposed to the stained section images. The subregion boundaries were determined according to Swanson et al. [3] , and by Viau and Sawchenko [19] . To standardize the difference in the cFos staining intensity among individual sections, digital full-color images of the stained PVN were converted into their grayscale images using Photoshop ® , then both grayscale values of background staining and of the highest positive staining were measured with software Scion Image (ver Beta 4.02), and finally adjusted so as to be identical, respectively, across all of individual images using Photoshop. When only positive cellular nuclei were highlighted with a threshold tool of Scion Image, the threshold value was 115 and the pixel number of one positive cellular nucleus was 20-171. Only the highlighted structures within this range of pixel number were counted as the c-Fos-positive nucleus automatically using the software. Through observing again c-Fos-stained sections and digital images, the number of contaminations, such as accidental chromogen deposits, was counted and appropriately subtracted from the number of positive nuclei. For each animal, two stained sections were evaluated and the averaged values of the Groups S (n=6) and L (n=6) were defined as the number of c-Fos-positive nuclei per animal group. The c-Fos expression in the group I was not evaluated because of practically no expression. The data of each animal group were finally expressed by mean ± SD. The significance of differences was assessed using Welch t test.
RESULTS
Efficacy of our experimental stress paradigm for
excitation of HPA To determine whether the HPA actually activates in response to the experimental restraint stress in the present study, we examined excitation of PVN CRH neurons in Group S by dual labeling combined in situ hybridization for CRH gene expression with immunohistochemistry for c-Fos protein. In dual-labeled PVN (Fig. 1) a number of CRH gene-expressing small-sized neurons (purple) were principally demonstrated in the mpd of PVN. Nearly all of these CRH neurons (arrows) were shown to express simultaneously c-Fos protein (brown). Interestingly, c-Fos expression was verified to occur also in a small population of neurons without CRH gene expression (arrowheads).
Lemon odor inhalation reduces stress-induced
neuronal activation in PVN In a microscopic examination of Group I ( Fig. 2A) , little c-Fos expression was observed in the PVN, verifying that animals used in the present study had been housed under the practically non-stressful condition. By contrast, a population of PVN neurons in any animals of Group S was demonstrated to exhibit marked c-Fos expression at two hours of post-stress (Fig. 2B) , particularly in the medial parvocellular subregion. Microscopic observation revealed that a population of PVN neurons in Group L also expresses c-Fos protein, suggesting some difference between Groups S and L (Fig. 2C) . To characterize this difference, we assessed the number of c-Fos-expressing cellular nuclei in the PVN of the two animal groups. Morphometric analysis revealed that the number of c-Fosexpressing nuclei is statistically smaller (p<0.01) in Group L (25±8) than in Group S (98±18) (Fig. 3 ).
Lemon odor inhalation attenuates stress-induced activation of mpd neurons in PVN
To explore functional significance of c-Fos expression from a comparison of the intra-PVN expression pattern between Groups S and L, we estimated separately the number of c-Fos-expressing nuclei within the subregions, because CRH neuron subpopulations situated in different subregions have been postulated to contribute differentially to diverse aspects of emotion expression via different neuronal pathways. In Group S (Fig. 4 ) more cFos-expressing nuclei were found in the mpd, suggesting stress-evoked excitation of CRH neurons in light of the above-described result of dual labeling. A few c-Fosexpressing nuclei were seen in the pm. In comparison between the two experimental groups, the number of c-Fos-expressing nuclei in the mpd was significantly smaller (p<0.01) in Group L (19±7) than in Group S (78±16). Also, the number in the pm was smaller (p<0.05) in Group L (4±2) than in Group S (14±9). However, the appearance of c-Fos-expressing nuclei was only occasional in both the mpv and the dp of the two groups (Fig. 4) .
DISCUSSION
We demonstrated that a particular population of hypothalamic PVN neurons secreting CRH, a primary hormone for promoting stress response as a result of driven emotion, expresses a significant level of c-Fos protein in rats subjected to our experimental paradigm of stress. In general, biological significance of this protein expression by neurons has been established as a sign of neuronal excitation [7] . The c-Fos expression was found in a considerable number of PVN neurons 2 hours after exposure to restraint stress, well coinciding with the results of previous studies [9] . In addition, restraint-stress paradigm has been utilized as a model of psychological stress [7, 10] , accompanying by elevations of plasma ACTH and corticosterone levels [11, 12] . Thus, it was verified that our paradigm of stress using an animal model is useful for the study of mental stress.
A most salient result of the present study is that fewer c-Fos-expressing neurons in the entire PVN were found in Group L than in Group S, as evaluated with morphometric analysis. This shows that perception of lemon odor affects the extent of c-Fos expression in our animal model, suggesting that lemon odor has the potential to reduce a psychological impact of restraint stress. A detailed analysis for the four different PVN subregions of Group S showed that the incidence of c-Fos-expressing neurons is the highest in the mpd, where there are CRH neurons responsible for the regulation of pituitary ACTH output, thereby changing the plasma glucocorticoid level [6] . Interestingly, fewer c-Fos-expressing neurons in the mpd were found in Group L as compared Group S. Altogether, despite no direct evidence, the present data suggest that restraint activates CRH neurons as an HPA component, and that the restraint-induced activation of CRH neurons is attenuated by the inhalation of lemon odor, probably caused by some odorant of lemon. However, the effect of lemon odor on the HPA has to be verified by measuring plasma glucocorticoid level, because a previous study reports that c-Fos is independent of CRH gene transcription [20] . In contrast, little c-Fos expression was seen in the mpv and the dp, suggesting that restraint has no effect on autonomic-related parvocellular neurons. This result accords with previous reports [19, 21] . Within the PVN, multiple kinds of neurons, each of which synthesizes neuropeptides as a hormone or a neuromodulator, have been reported to reside in a topographically organized manner [19] . Particularly, the medial parvocellular subregion is known to include five kinds of neurons synthesizing hormones such as CRH, vasopressin, oxytocin, thyrotropin-releasing hormone, and/or somatostatin. The present analysis for Group S revealed c-Fos expression in nearly all of CRH neurons in this subregion, indicating stress-activated CRH neurons. This result accords well previous studies [19, 21] . In addition, of crucial interest is that apparent c-Fos expression is also detected in some neurons without CRH gene expression. Although this suggests the excitation of other kind(s) of medial parvocellular neurons by restraint stress, which kind of neurons expresses c-Fos remains to be unanswered. Moreover, more studies are needed to determine if the stress-induced excitation of parvocellular CRH neurons is actually attenuated by the lemon odor inhalation.
CONCLUSIONS
The present study showed that stress-induced neuronal activation in the brain of the model animal is attenuated by the lemon odor inhalation, particularly in the HPArelated area of the hypothalamus, suggesting the suppressive effect of lemon odor on stress response. This might suggest that some odorants have a similar potential effect on the HPA in human brain.
